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Phosphatidylglycerol Asymmetry and Translocation in Lipid Membranes
John Conboy.
Department of Chemistry, University of Utah, Salt Lake City, UT, USA.
Our current understanding of the structure and dynamics of cellular membranes
emerged in the early 1970 ’s. However, there is still much we do not know
about the underlying lipid dynamics in cellular membranes, specifically the
process of lipid translocation or flip-flop. The flip-flop rates of only a few lipid
species, principally phosphatidylcholines (PCs), have been measured. Anionic
lipids, such as phosphatidylseryine (PS), phosphatidylinositol (PI), and phos-
phatidylglycerol (PG), are known to be play active roles in membrane function,
but almost nothing is known of the rates of translocation of these species. While
PS and PI are the major anionic lipids of eukaryotic cellular membranes, PG is
mainly found in prokaryotic membranes and comprises about 10% of the phos-
pholipid content of the mitochondria membrane in eukaryotes. In the work
presented here, the native flip-flop rates of 1,2-diasterol-sn-glycero-3-[phos-
pho-(10-rac-glycerol)] (DSPG) flip-flop in mixed DSPG: 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) bilayers have been investigated. Using
methods of classical surface chemistry coupled with nonlinear optical methods,
we have developed a novel analytical approach, using sum-frequency vibra-
tional spectroscopy (SFVS), to selectively probe lipid compositional asymme-
try in a planar supported lipid bilayer. This new method allows for the detection
of lipid flip-flop kinetics and compositional asymmetry without the need for a
fluorescent or spin-labeled lipid species by exploiting the coherent nature of
SFVS. Using SFVS, the rates of DSPG flip-flop in a DSPC matrix have been
examined for the first time. Analysis of the dynamics provides an assessment
of the underlying energetic barrier to PG translocation. The results will be dis-
cussed in the framework of the protein-free energetic barriers to PG flip-flop
and the role of electrostatics in this process.
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Control of Membrane Asymmetry by P4-ATPases
Todd R. Graham.
Biological Sciences, Vanderbilt University, Nashville, TN, USA.
The plasma membrane of eukaryotic cells is an asymmetric structure with the
cytosolic leaflet highly enriched in phosphatidylserine (PS) and phosphatidyl-
ethanolamine (PE), whereas these lipids are rare in the extracellular leaflet.
This asymmetric organization is generated by phospholipid flippases in the
type IV P-type ATPase (P4-ATPases) family that pump specific phospholipids
(e.g. PS and PE) unidirectionally to the cytosolic leaflet. Cells typically express
several P4-ATPases that localize to the Golgi, plasma membrane and endoso-
mal system, and differ in substrate specificity. We discovered a crucial role for
P4-ATPases in budding protein transport vesicles from the trans-Golgi network
(TGN) and early endosomal membranes. Current studies are aimed at under-
standing how P4-ATPases from Saccharomyces cerevisiae recognize and flip
specific phospholipid species to generate membrane asymmetry, and why
this plays an important role in budding certain types of transport vesicles.
We have succeeded in mapping a number of residues that determine the phos-
pholipid substrate specificity of the P4-ATPases Drs2 and Dnf1 to the first four
transmembrane segments. These studies imply that the P4-ATPases use a non-
canonical mechanism to recognize and transport substrate relative to closely
related Caþþ-ATPase. In addition, we can mutationally ‘‘tune’’ the substrate
specificity of Drs2 and Dnf1 and use these mutants to probe the cellular require-
ments for specific P4-ATPase substrates. Neo1 is an essential P4-ATPase in
yeast that is closely related to ATP9A and 9B in mammalian cells. Recent
studies imply that Neo1 is the primary PE flippase in yeast and a mutation in
Drs2 that enhances its recognition of PE can functionally replace Neo1 in vivo.
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Computer Simulations of Lipid Flip-Flop and Membrane Asymmetry
D. Peter Tieleman.
Biological Sciences, University of Calgary, Calgary, AB, Canada.
Computer simulations of model membranes give detailed information about
the structure and dynamics of lipids. Although typical phospholipids have
very slow flip-flop rates compared to molecular dynamics time scales of mi-
croseconds, flip-flop can be simulated by a combination of free energy calcu-
lations and kinetic information. Less polar lipids and sterols have flip-flop
rates that are within direct reach of coarse-grained simulations with the Mar-
tini model. Flip-flop of phospholipids involves significant defects in mem-
branes that are also relevant for other transport properties and the
mechanism of membrane perturbing peptides. I will summarize the results
of a substantial body of simulations in this area and highlight a number of cur-
rent directions.4-Subg
Investigating the Mechanisms of Non-Random Sphingolipid Organization
in the Plasma Membranes of Fibroblast Cells
Mary L. Kraft1, Jessica F. Frisz2, Haley A. Klitzing2, Robert L. Wilson2,
Ashley Yeager1, Vladimir Lizunov3, Joshua J. Zimmerberg3,
Peter K. Weber4.
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Sphingolipids and their metabolites are not only structural components in the
plasma membrane, but also bioactive signaling molecules that modulate funda-
mental cellular functions. Though segregation of the sphingolipids into distinct
membrane domains is likely essential for cellular function, the sphingolipid dis-
tribution within the plasma membrane and the mechanisms that regulate it are
not well understood. To address this issue, we have combined metabolic stable
isotope incorporation and high-resolution secondary ion mass spectrometry
(SIMS) to image the distributions of stable isotope-labeled sphingolipids in
the plasma membrane with ~90 nm lateral resolution. We have previously
used this approach to show that sphingolipids are enriched within distinct do-
mains in the plasma membranes of fibroblast cells. We have also used this
approach to investigate the dependency of the sphingolipid domains on
cholesterol-sphingolipid interactions, and the cytoskeleton and its associated
membrane proteins. This talk will focus on our recent work in which we
have assessed whether the sphingolipid domains are co-localized with influenza
hemagglutinin within the plasma membrane.
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Nanoscale Structure and Dynamics of the Liquid Ordered Phase
Sodt J. Alexander1, Klaus Gawrisch2, Richard W. Pastor1,
Edward R. Lyman3.
1National Heart, Lung, and Blood Institute, National Institutes of Health,
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Nanoscale Structure and Dynamics of the Liquid Ordered Phase
We report the detailed structure and dynamics of ternary mixtures of lipids and
cholesterol on the ten microsecond timescale, obtained by all-atom simulation
on the Anton supercomputer.1 Using the CHARMM36 force field and an anal-
ysis based on a hidden Markov model, we find excellent agreement between 2H
NMR quadrupolar spectra for a mixture of DPPC/DOPC/Chol with regions of
liquid-ordered (Lo) and liquid-disordered lipids. The Lo phase is found to be
heterogeneous on the nanoscale, comprising regions of hexagonally packed
saturated hydrocarbon chains (red) and interstitial regions enriched in choles-
terol (yellow) and unsaturated chains (blue). The dynamics are slow and collec-
tive, yielding sublinear scaling of lipid mean-squared displacements in Lo.
Comparison to Lo phases formed by sphingomyelin reveals much stronger
lipid-lipid interactions and consequently even slower dynamics. The hexagonal
substructure within Lo is hypothesized to control partitioning of transmembrane
segments between Lo and Ld, shedding new light on an old question: What is
the difference between the Lo phase in lipid bilayers and raft-like regions in
the plasma membrane?
[1] Sodt, A. et al, J. Am. Chem. Soc. 136:725-732(2014).
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Probing Membrane Protein Sequestration and Oligomerization in
Polymer-Tethered Phospholipid Bilayers Containing Raft-Mimicking
Lipid Mixtures
Christoph Naumann.
Chemistry, Indiana University Purdue University Indianapolis, Indianapolis,
IN, USA.
Lipid heterogeneities in plasma membranes are increasingly recognized to in-
fluence membrane protein distribution and function. Previous advancements in
the understanding of such lipid-mediated protein sequestration processes have
been rather sluggish, due to the small size and transient nature of lipid hetero-
geneities in cellular membranes. Therefore, theoretical approaches and model
membrane studies have become important research tools. Recently, we intro-
duced a powerful model membrane platform that allows the parallel analysis
of membrane protein sequestering and oligomerization in well-defined lipid en-
vironments using confocal fluorescence intensity analysis paired with the
photon counting histogram method. A hallmark of this single molecule-
sensitive experimental strategy is the ability to monitor membrane proteins
in micron-size membrane domains in the absence of artificial crosslinking
agents. Specifically, we could show that native ligands, bilayer asymmetry,
2a Saturday, February 7, 2015and cholesterol content have a profound effect on the sequestration of integrins
in raft-mimicking lipid mixtures.1,2 These experimental findings can be ex-
plained on the basis of hydrophobic matching arguments and domain-specific
lipid packing conditions. The described model membrane approach is also
applied to investigate the oligomerization and sequestration behavior of GPI-
anchored urokinase plasminogen activator receptor (uPAR). Here native li-
gands, but not cholesterol content, were found to impact dimerization level
and sequestration of uPAR in raft-mimicking lipid mixtures.3 Corresponding
experiments on mixtures of integrins and uPAR also illustrate the formation
of integrin-uPAR complexes with distinct sequestration properties. Notably,
these findings support a mechanism, in which GPI-anchored proteins cause
the translocation of transmembrane proteins to lipid rafts.
1) Siegel, A. P. et al. (2011) Biophys. J. 101, 1642.
2) Hussain, N. F. et al. (2013) Biophys. J. 104, 2212.
3) Ge, Y. et al. (2014) Biophys. J. (in press).
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Protein Crowding Modulates the Shape and Content of Curved Mem-
branes and Coated Vesicles
Jeanne Stachowiak.
University of Texas at Austin, Austin, TX, USA.
Curved membranes are an essential feature of dynamic cellular structures
including endocytic pits, filopodia, viral buds, and most organelles. Proteins
with specific, curvature-promoting structural motifs, such as crescent-shaped
BAR domains and amphipathic helix insertions, have been identified, yet
we lack an understanding of how they function in the complex cellular envi-
ronment. Based on in vitro and live cell experiments, we demonstrate an addi-
tional mechanism of membrane bending that originates from the crowded
nature of cellular membrane surfaces - protein-protein steric pressure. Specif-
ically, using fluorescence and electron microscopy to correlate membrane cur-
vature with the density of membrane-bound proteins, we demonstrate that
lateral pressure generated by protein-protein collisions is a potent driver of
membrane bending. These findings reveal an efficient mechanism by which
the crowded protein environment on the surface of cellular membranes can
be manipulated to define membrane shape. More specifically, results of live
cell studies suggest that the shape and molecular content of clathrin-coated
pits are strongly influenced by a balance of steric pressure on the two sides
of the plasma membrane.
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Direct Monolayer Packing Imbalance and Phospholipid Flip-Flop: Two
Mechanisms of Local Bilayer Deformation. Application to Mitochondrial
Cristae of Wild-Type and Cardiolipin-Deficient Mutant
Nada Khalifat1,2, Mohammad Rahimi3, Anne-Florence Bitbol4,5,
Michel Seigneuret6, Jean-Baptiste Fournier6, Nicolas Puff1,6,
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UMR 168, Paris, France, 3Lewis-Sigler Institute for Integrative Genomics,
Princeton University, Princeton, NJ, USA, 4Lewis-Sigler Institute for
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5Department of Physics, Princeton University, Princeton, NJ, USA, 6Matie`re
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We have shown that a spatially localized transmembrane pH gradient, produced
by HCl micro-injection near the external surface of cardiolipin(CL)-containing
giant unilamellar vesicles (GUVs), promotes the formation of tubules that
retract after collapse of this gradient. Such tubules have morphologies similar
to mitochondrial cristae. The tubulation effect is due to direct phospholipid
packing modification in the outer leaflet, that is associated with protonation
of CL headgroups (1). We have also compared the case of CL-containing
GUVs with that of phosphatidylglycerol (PG)-containing GUVs. Local HCl
micro-injection also promotes formation of tubules in the latter. However,
compared to CL-containing GUVs the tubules are longer, undergo a visible
pearling and have a much longer retraction time after acid micro-injection is
stopped (2). We attribute these differences to an additional mechanism that in-
creases monolayer lipid density imbalance, namely inward PG flip-flop pro-
moted by the local transmembrane pH-gradient. Simulations using a fully
non-linear membrane model, that describes the bilayer by its midsurface shape
and by a lipid density field for each monolayer (3), confirm this hypothesis.
Interestingly, among yeast mutants deficient in CL biosynthesis, only the
crd1-null mutant, which accumulates PG, displays significant mitochondrial ac-
tivity, in agreement with our data. Our work emphasizes the importance of the
transmembrane proton gradient in cristae morphology as well as the salient role
of specific lipids in mitochondrial function.1. Khalifat, N., N. Puff, S. Bonneau, J. B. Fournier, and M. I. Angelova. 2008.
Biophys. J. 95:4924-4933.
2. Khalifat, N. ; Rahimi, M.; Bitbol, A. F.; Seigneuret, M.; Fournier, J. B.; Puff,
N.; Arroyo, M.; Angelova, M. I. 2014 Biophys. J. 107: 879-890
3. Rahimi, M. and Arroyo, M., 2012. Physical Review E, 86: 011932.
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Protein Spatial Distribution Depends on Membrane Curvature
Patricia Bassereau1, Coline Pre´vost2, Mijo Simunovic2,3, Sophie Aimon2,4,
Gilman Toombes5, Andrew Callan-Jones6.
1Curie Institute, Paris, France, 2PhysicoChimie Curie, Curie Institute, Paris,
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In cells, membranes are highly bent in many places in order to fulfill different
functions. This is the case of membrane trafficking, which is accompanied by
the formation of tubes or vesicles with diameter below 100 nm that transport
proteins and lipids throughout the cell. Moreover, during vesicle budding, cur-
vature at the neck becomes even higher before final scission. Structures at the
cell periphery, such as lamellipodia’ edge or filopodia used for migration and
environment sensing, also exhibit high membrane curvatures. Many peripheral
or integral proteins have an intrinsic shape that produces membrane bending
or can deform membrane upon binding. In membrane physics, this property is
described by a phenomenological parameter, the protein spontaneous curva-
ture Cp, which represents the capability of the protein to produce membrane
spontaneous bending. It is expected that proteins that deform membranes can
reciprocally be enriched in curved areas. We have addressed the question of
the role of membrane curvature in protein sorting both experimentally and
theoretically. We have tested the sorting hypothesis using in vitro membrane
system (GUV) and different proteins with positive Cp (BAR-domain), nega-
tive Cp (I-BAR-domain) and with integral proteins reconstituted in the
GUVs (a potassium channel KvAP). Membrane nanotubes with a controlled
diameter (15-500 nm) are pulled out of the GUV with optical tweezers; the
relative protein sorting is measured as a function of curvature (inverse of
tube radius) from fluorescence measurements with a confocal microscope.
We show that our mechanical model based on spontaneous curvature induc-
tion is in good agreement with these experiments. All together, this demon-
strates that membrane shape is an important parameter that might drive the
lateral distribution proteins in membranes, independently of more specific
sorting mechanisms.
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Structural Basis of Membrane Curvature Recognition by the ALPSMotifs
Liza Mouret1, Lydie Vamparys2, Joachim Moser von Filseck3,
Patrick Fuchs2, Arnaud Bondon1, Guillaume Drin3.
1ICMV, CNRS & Universite´ de Rennes, Rennes, France, 2Institut Jacques
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The recruitment of many cytosolic factors is regulated by the lipid composition
but also by the shape of organelles membrane. Ten years ago, we identified in
ArfGAP1 a motif of 30 amino-acids termed ALPS that allows this protein to
detect the positive curvature of the COPI vesicles at the end of their biogenesis
and to trigger the depolymerisation of coat proteins wrapping these vesicles.
We found that the ALPS motif folds into a peculiar amphipathic helix whose
insertion into membrane depends on defects in lipid-packing induced by curva-
ture. ALPS motifs were next identified in various proteins such as GMAP-210,
a membrane tethering factor, or Osh4p, a sterol/PI(4)P exchanger. Different
studies illustrated how membrane curvature regulates the activity of these pro-
teins. At a more atomistic level, we gained results that explain why the ALPS
motif is so sensitive to lipid-packing defects and membrane curvature. We first
indicated that the lack of basic residues in the polar face of the ALPS motif ex-
plains its sensitivity to curvature of cellular membrane. Next, molecular dy-
namic simulations suggested that the insertion of the ALPS motif, solely
mediated by the insertion of bulk hydrophobic residue, directly depends on
the pre-existence of lipid-packing defects in membrane. More recently, NMR
studies in a membrane environment showed that the ALPS motif of ArfGAP1
folds into a helix displaying a not well-defined central region between two he-
lical fragments. The stability of ALPS helix was also assessed by replica-
exchange molecular dynamics simulations. Jointly, these results suggest that
the sequence of an ALPS motif codes for a loose and non-canonical amphi-
pathic helix whose features are perfectly well adapted for responding to change
in membrane curvature.
